Abstract Tropical rainforest plays an important role in the global carbon cycle, accounting for a large part of global net primary productivity and contributing to CO 2 sequestration. The objective of this work is to simulate potential changes in the rainforest biome in Central America subject to anthropogenic climate change under two emissions scenarios, RCP4.5 and RCP8.5. The use of a dynamic vegetation model and climate change scenarios is an approach to investigate, assess or anticipate how biomes respond to climate change. In this work, the Inland dynamic vegetation model was driven by the Eta regional climate model simulations. These simulations accept boundary conditions from HadGEM2-ES runs in the two emissions scenarios. The possible consequences of regional climate change on vegetation properties, such as biomass, net primary production and changes in forest extent and distribution, were investigated. The Inland model projections show reductions in tropical forest cover in both scenarios. The reduction of tropical forest cover is greater in RCP8.5. The Inland model projects biomass increases where tropical forest remains due to the CO 2 fertilization effect. The future distribution of predominant vegetation shows that some areas of tropical rainforest in Central America are replaced by savannah and grassland in RCP4.5. Inland projections under both RCP4.5 and RCP8.5 show a net primary productivity reduction trend due to significant tropical forest reduction, temperature increase, precipitation reduction and dry spell increments, despite the biomass increases in some areas of Costa Rica and Panama. This study may provide guidance to adaptation studies of climate change impacts on the tropical rainforests in Central America.
Introduction
The effects of climate change may have direct impacts on vegetation such as changes in productivity, functional trait composition, species extinction or range redistribution. These changes may be associated with increased drought stress (Malhi et al. 2009 ), drying or dieback (Cox et al. 2000) . Climate change can also have indirect impacts on vegetation such as increased fire frequency (Scholze et al. 2006) . Global and regional climate simulations for the next few decades project changes in precipitation and warming that may severely impact major biomes all over the world (IPCC 2013) . Central America is a biodiversity hotspot area, and the region's governments have demonstrated their commitment to biodiversity conservation through the Mesoamerican Biological Corridor (Holland 2012) . However, future climate change can alter the composition and distribution of species (Parry et al. 2007 ) and ecosystems (Imbach et al. 2013 ), leading to a need for conservation strategies to be reassessed. Projections of the possible impacts of climate change on ecosystems can help support assessments of conservation needs and adaptation measures in the region.
Tropical rainforest plays an important role in the global carbon cycle (Malhi and Grace 2000; Huntingford et al. 2013) , accounting for a large part of global net primary productivity (NPP) and lowering atmospheric CO 2 levels. The Central American rainforests are mainly found on the Caribbean watersheds of Panama, Costa Rica, Honduras, Belize, and southern Mexico. The region is a global biodiversity hotspot (Meyers et al. 2000; Mauri 2002 ) that are highly threatened by land use change. In Central America, impacts similar to those that occurred during El Niño years are expected to increase under future climate scenarios (Karmalkar et al. 2011) . Similar to the Amazon, Central America is subject to potentially large losses of forest biomass under increased drying and warming scenarios in the twenty-first century (Lyra et al. 2016; Imbach et al. 2012; Cox et al. 2000; Cox et al. 2004; Betts et al. 2004) . Imbach et al. (2012) used 136 GCM (General Circulation Model) realizations within a biogeographic model, MAPSS (Mapped Atmosphere Plant Soil System), to evaluate the likelihood and magnitude of impacts of climate change on vegetation under three climate change emissions scenarios (A2, A1B and B1). The coarse resolutions of the GCM data, as well as the use of MAPSS, suggest some limitations of the work. MAPSS is an equilibrium model with limited capability to categorize plant functional types and dynamically represent growth constraints. Therefore, the use of a new approach to refine these early estimates can be useful in understanding impacts and uncertainties.
The use of a dynamic vegetation model within a regional climate model is a powerful approach to assess potential responses of biomes to climate change. Dynamic vegetation models may include plant phenology, plant physiology, biogeochemical cycles, mortality and growth processes. The model can simulate competition and shifts in vegetation during long periods of strong climatic changes such as temperature or precipitation changes. Dynamic vegetation models should simulate the suppression and replacement of vegetation types or vegetation regeneration processes. Dynamic vegetation models can simulate transient changes in global vegetation patterns under future climate change and human disturbance scenarios (Peng 2000) . Dynamic vegetation models can also be used to estimate the transient behaviors of terrestrial carbon pools and fluxes (including possible effects of CO 2 fertilization), climate variability, and ecosystem disturbances (Peng 2000) . When coupled to a GCM, dynamic vegetation models can provide a fully interactive representation of biosphere ecosystems to investigate the biosphereatmosphere feedbacks.
The narrow shape of Central America requires the use of higher horizontal resolution assessments to capture the effects of topography on local climate. Therefore, coupling a dynamic vegetation model to a high-resolution regional climate model is appropriate for this area. The objective of this work is to investigate the possible changes in the rainforest biome in Central America subject to two climate change scenarios, RCP4.5 and RCP8.5 (representative concentration pathways). Possible changes are investigated using the Inland dynamic vegetation model and Eta regional model to assess long-term feedbacks between Central American biomes and climate, including the potential effects of increased atmospheric CO 2 concentrations. This is the first time a high-resolution regional climate model has been used to force a dynamic vegetation model to study the impacts of climate change on Central American rainforests.
Methodology
A dynamic vegetation model and climate change scenarios were used to investigate vegetation response to changes in climate. A brief description of the Inland dynamic vegetation model is provided, followed by the descriptions of the Eta regional climate model and the HadGEM2-ES global climate model.
Inland dynamic vegetation model
The Inland (Integrated Model of Land Surface Processes) model was developed using IBIS (Integrated Biosphere Simulator, Foley et al. 1996) to represent the processes of the Earth's surface. The primary focus of the Inland model is to represent Brazilian ecosystems and biomes of tropical South America. Compared to IBIS, the Inland model has improved representations of biosphere-atmosphere interactions, such as with croplands. The Inland model specifically integrates major Brazilian crops, floodplain dynamics, and the transient land cover dynamics that characterize the Amazon and Cerrado regions. Although Inland is being developed in Brazil, it is a global dynamic vegetation model that contains major global biome types and representations of the relevant processes in the tropics. Evaluation of surface fluxes and more thorough descriptions of the Inland model's operation over Amazonia can be found in Lyra (2015) and Lyra et al. (2016) .
The Inland model is divided into four modules: land surface, vegetation phenology, carbon balance and dynamic vegetation, which operate on a common grid at different time steps. Vegetation composition is described by 12 different plant functional types (PFTs), which are distinguished according to their bioclimatic (boreal, temperate or tropical), physiological (C3 or C4 photosynthesis), leaf form (broadleaf, needleleaf or herbaceous), morphological (tree or grass) and phenological (deciduous or evergreen) attributes. The model runs on a regular latitude-longitude grid of 0.5°resolution. The inputs are daily measures of temperature, precipitation, cloud cover, specific humidity and wind speed. Photosynthesis is calculated with the Farquhar-Collatz method (Farquhar et al. 1980; Collatz et al. 1992) . The model allows for the coexistence of one or more PFTs per grid cell. The initial type of vegetation cover in the Central American and Caribbean region is shown in Fig. 1 . The existence of a PFT within a grid cell depends on its specific environmental limits and competition for light, water and nutrients with other co-existing PFTs. Vegetation dynamics are simulated annually based on the leaf area index (LAI) and NPP of the different PFTs while accounting for climate, disturbance, mortality and establishment factors. Neither fire nor nutrient feedback processes are included in the simulation.
Downscaling climate scenarios
The regional Eta model is used for downscaling climate scenarios. The Eta is a numerical atmospheric model used to produce weather and climate forecasts for South America by the Brazilian National Institute for Space Research (INPE). The version for climate change studies was developed (Pesquero et al. 2009; Chou et al. 2012) to support the Brazilian National Communications to the United Nations Framework Convention on Climate Change. Eta is a regional climate model that uses the Eta vertical coordinate system (Mesinger 1984) . Precipitation is simulated in the model by the Betts-Miller-Janjic cumulus parameterization scheme (Janjić 1984) and by the Zhao cloud microphysics scheme (Zhao et al. 1997) . The land-surface transfer processes are parameterized by the NOAH scheme (Ek et al. 2003) . The radiation package was developed by the Geophysical Fluid Dynamics Laboratory and includes short-wave (Lacis and Hansen 1974) and long-wave radiation (Fels and Schwarzkopf 1975) . The radiation tendencies are recalculated every hour and are applied at every time step. CO 2 equivalent concentrations for the RCP4.5 and RCP8.5 scenarios have been updated every three years since 2005. The atmospheric turbulence scheme has the turbulent kinetic energy as a prognostic variable. Monin-Obukhov similarity theory is combined with Paulson stability functions (Paulson 1970 ) and applied at the surface layer to describe the logarithmic wind profile. The Earth System configuration of the UK Met Office Hadley Centre Global Environmental Model, version 2 (HadGEM2-ES) supplies the lateral boundary conditions used to drive the Eta regional climate model (Collins et al. 2008 ). The global model variables that force the regional model are air temperature, humidity, winds, surface pressure and sea surface temperature.
A more detailed description of the Eta model and recent improvements, such as the refined vertical coordinate system and the implementation of the fully finite-volume dynamics, can be found in Mesinger et al. (2012) . Details about the HadGEM2-ES CMIP5 model and on how this model is run can be found in Jones et al. (2011) . Evaluations of the regionalized baseline simulation and the assessment of projections used in this work are available in Chou et al. (2014 a, b) , respectively. Because the baseline simulation and observed data are in agreement, these climate scenarios can be used to force impact models.
Experimental setup
Using the same methodology as Lyra et al. (2016) , the Inland model was forced by the regional Eta model runs in the two RCP scenarios. Under the RCP4.5 scenario, the radiative forcing increases almost linearly up to about 2060, when the rate slows, until eventual stabilization at the end of the century. The RCP8.5 scenario is characterized by a continuous increase in greenhouse gas emissions, beyond 2100. The Inland model domain covers Central America, south of Mexico, and north of Colombia and Venezuela as shown in Fig. 1 . The integration encompassed the period between 1961 and 2098 during which the CO 2 equivalent concentration was updated according to each RCP scenario. The initial vegetation of the Inland model (Fig. 1) represents the potential vegetation reached from an equilibrium condition Foley et al. 1998 ). The Inland model simulations used daily values of 2-m temperature (mean, maximum and minimum), cloud cover, precipitation, specific humidity and wind speed from Eta-HadGEM2-ES runs.
The Eta Model nested in the HadGEM2-ES was configured with 20-km horizontal resolution, and 38 layers in the vertical and lateral boundary conditions were updated every six hours. The Eta model domain covers South America, Central America and the Caribbean. Despite the high resolution of the regional Eta model, Inland was set up at 0.5-degree regular latitude-longitude resolution, which was the same resolution as the input land-surface maps such as those for vegetation and soil.
Forest cover and dry spell calculations
The changes in forest extent predicted by the Inland model were assessed by comparing the percentage of tree cover in the last ten years of the twenty-first century to the percentage of tree cover in the ten years between 1961 and 1970 (Fig. 5) . The ten-year period was chosen to highlight the major changes at the end of the century. The fractional cover of trees was estimated based on PFT leaf area index (LAI) following the Kucharik et al. (2000) equation for tropical broadleaf evergreen PFT (Eq. 1).
The empirical canopy extinction coefficient is 0.5, and LAI tree is the total leaf area index of all tree PFTs in a pixel.
Dry spell occurrences were identified following the water balance approach developed by Barron et al. (2003) , which focuses on dry spells in relation to water consumption by vegetation. Dry spells are particularly important in delimiting tropical vegetation types. In the Barron approach, a dry spell is defined as two or more consecutive days when the relationship between actual evapotranspiration (ETa) and potential evapotranspiration (ETp) is lower than or equal to 0.5. Potential evapotranspiration is calculated with the Penman-Monteith approach, using both baseline and projections of meteorological data. Actual evapotranspiration is obtained from the atmospheric model estimations.
Results
The possible influence of regional climate change on vegetation properties, such as biomass, NPP, and changes in forest extent and distribution, were investigated. We first present temperature and precipitation changes to provide context necessary for understanding vegetation changes. An analysis of dry spells is performed for additional depth of insight into vegetation changes due to water stress. Then vegetation type and biomass changes are explored.
Climate projections
Climate projections provided by Eta-HadGEM2-ES show warming of about 3 to 3.5°C in the inner areas of the region in RCP4.5 (Fig. 2a ) and of about 6 and 7°C in RCP8.5 by the end of the century (Fig. 2b) . Reductions in precipitation dominate future simulations, especially in lowland areas of the Pacific and Caribbean watersheds in all countries (Guatemala, El Salvador, Belize, Honduras, Nicaragua, Costa Rica and Panamá). This drier future trend is partially inherited from the driver HadGEM2-ES model, which shows precipitation reductions in the future.
Precipitation decreases 3-4 and 6 mm/day depending on the global warming scenario, RCP4.5 and RCP8.5, respectively (Fig. 3) . Karmalkar et al. (2011) assessed the climate change in this region under A2 SRES (Nakicenovic et al. 2000) scenarios and also noted the generalized reduction of precipitation seen in our simulations. However, other studies based on mean future climatology indicate higher uncertainties for precipitation anomalies over Costa Rica and Panama (Imbach et al. 2012 ). According to Stevens and Bony (2013) , there are many differences among the simulations of global models for the tropics due to uncertainties associated with the response of clouds and precipitation and the representation of the processes in each model. This drying effect from the HadGEM2 model is probably not universal in all global climate models.
Dry spell durations were projected to increase by the end of the century in both scenarios. This increase over Mesoamerica is contrasted with a projected decrease in dry spell duration over South America. However, regional variations are evident in both scenarios, especially over the southern part of Mesoamerica, where decreasing dry spell duration is projected along both Pacific and Atlantic coastlines. Over the northern part of South America, increase in the Fig. 2 Difference between the baseline and the future (2071-2100) annual mean temperature (°C) simulated by the Eta-HadGEM2 model for the a RCP4.5 and b RCP8.5 scenarios length of dry spell duration are located in mountain chains, meanwhile in hillslopes and valleys there is a decrease in the length of dry spells. Projections under RCP 8.5 show the driest conditions, with the maximum number of consecutive dry days increasing to more than 100 days in the Yucatan Peninsula, the Pacific coastline in Honduras, the Cordillera Central in Panamá, the Andes in Colombia, the Caribbean coastline in Venezuela and Colombia and the Caribbean Islands. Longer dry spells could greatly impact vegetation growth by the end of the century by limiting water availability.
Vegetation changes
The Inland model RCP4.5 and RCP8.5 projections show reduction in tropical forest cover, with higher reduction under the RCP8.5 scenario (Fig. 5) . Countries such as Costa Rica and Panama, which have relatively large annual precipitation, show little changes in tree vegetation cover. However, countries such as Nicaragua, Honduras, Guatemala and the southern part of Mexico exhibit large forest cover reductions over the Caribbean watershed. These results agree with the increasing duration of dry spells in the region (Figs. 4 and 5) . and the future (2070-2100) annual mean precipitation (mm/day) simulated by the Eta-HadGEM2 model for the a RCP4.5 and b RCP8.5 scenarios Fig. 4 Difference between the baseline and the future (2070-2100) dry spells (days) projected by the Eta-HadGEM2 simulations for the a RCP4.5 and b RCP8.5 scenarios Figure 6 shows the spatial distribution of biomass for the initial period (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) and the differences in biomass distribution at the end of century for RCP4.5 and RCP8.5 scenarios. In the first ten years of simulations, the highest values of biomass (Fig. 6a) coincide with grid points covered by tropical evergreen forests (Fig. 1) . The simulated biomass for the 1961-1970 period was compared to biomass maps from Saatchi et al. (2011) . In general, the Inland model underestimates the biomass in forest areas in Nicaragua, Honduras, and Guatemala. The projected increase in biomass by the Inland model in areas covered by remaining tropical forest in Costa Rica and Panama can be attributed to the feedback effect of CO 2 fertilization. This forest is absorbing more carbon under drier conditions due to increased water use efficiency (WUE), as stomata need to remain open for shorter periods because of enhanced atmospheric CO 2 .
In the northern part of the region, increased WUE cannot compensate for reduced water availability, therefore showing a reduction in biomass. The biomass decrease is about 4 to 6 kg/ m 2 . In these areas and in both Inland simulations, the effects of rising temperatures (Fig. 2) and decreased precipitation (Fig. 3) , projected by Eta-HadGEM2-ES simulations on vegetation, dominate over the effect of CO 2 fertilization, leading to decreased productivity by the end of the century. These areas may also contribute to carbon loss to the atmosphere due to tree mortality and decomposition.
The total NPP is the difference between how much carbon dioxide the vegetation takes in during photosynthesis and how much carbon dioxide the vegetation releases during respiration. Various PFTs can co-exist in every pixel. Figure 7a shows the total NPP, 2-m temperature and precipitation projections for both RCPs averaged over an area (−90°W to −80°W longitude and 10°N to 20°N latitude) covering Panama, Costa Rica, El Salvador, Honduras, Guatemala and Belize. Both simulations show a trend of NPP reduction due to tropical forest cover reduction, temperature increase, reductions in precipitation and increase in dry spells. Physiologically, the CO 2 fertilization effect could increase the forest productivity. However, this process is offset by lower soil moisture availability driven by higher temperatures and decreases in precipitation. Figure 7b shows the total biomass and soil moisture projections for both RCPs averaged over an area (−90°W to −80°W longitude and 10°N to 20°N latitude). The total biomass shows a clear decrease after the 2050s, especially in the RCP8.5 scenario. This is in agreement with precipitation and soil moisture reductions in RCP8.5 (Figs. 7a, b, respectively) .
The distribution of the predominant vegetation types simulated in the Inland model and projections of the Eta-HadGEM2-ES for both scenarios at the end of the century (between 2085 and 2095) are shown in Fig. 8 . Some areas of tropical rainforest (tropical evergreen forest type) in Central America are replaced by savannah and grassland under the RCP4.5 scenario. Under RCP8.5, changes in vegetation cover are slightly larger. Projections also show that the areas over Costa Rica and Panama are less vulnerable to the climate change projected by the Eta-HadGEM2-ES model, although it still shows a reduction in tree cover (Fig. 5) .
Discussion
The projected tropical rainforest area is reduced as simulations approach the end of century, and these projections differ between RCP4.5 and RCP8.5. These results are similar to those of Imbach et al. (2012) , which were generated using an equilibrium modeling approach. Imbach et al. (2012) observed drier Pacific watershed ecosystems expanded over the more humid (currently) areas of the Caribbean under future climate scenarios. Imbach et al. (2012) also found significant effects of increased WUE on vegetation responses due to CO 2 fertilization ) for PFT tropical broadleaf evergreen a, and difference of biomass at the end of twenty-first century for b RCP4.5 and c RCP8.5 scenarios and areas with potentially total tree cover loss. Areas initially covered with savannah and tropical deciduous forest vegetation are practically extinguished at the end of the century.
However, the Inland model simulations suggest that CO 2 fertilization will enhance vegetation productivity in some forest areas even under climate scenarios where the overall extent of tropical forest is reduced. Inland model projections suggest that future climate change would have adverse effects on tropical rainforest region-wide. NPP decreases over Central America and so does biomass, particularly in the northern and eastern part of domain. The large annual variation in NPP can be attributed to frequent drought derived from the climate scenarios, ) and soil moisture (%) simulated for present climate (black lines) and projected for RCP4.5 (blue) and RCP8.5 (red) Fig. 8 End of twenty-first century vegetation cover for a RCP4.5 and b RCP8.5 scenario particularly in RCP8.5. The NPP projected under the RCP4.5 scenario exhibits a different trend from RCP8.5. This different trend could have been caused by more intense warming under RCP8.5 that suppresses the CO 2 fertilization effect.
The projected changes in the distribution of the natural vegetation by the end of the twentyfirst century may have impacts on local circulation and water resources in the region. According to Jones et al. (2009) , the global terrestrial biosphere can continue to change for decades after climate stabilization.
Conclusions
A dynamic vegetation model was driven by downscaling climate change scenarios to assess potential impacts on the tropical rainforests in Central America. The drier future scenarios indicated conversion of tropical rainforest to savannah and grassland. This result has implications for the CO 2 feedback to the atmosphere. Changes in temperature and precipitation may exceed the natural adaptive response capacity of rainforest, causing forest dieback, which has serious implications for the global carbon cycle. Further, Central America is highly dependent on water resources, and the loss of forest may cause regional and local impacts on water availability and quality.
Our study provides insights for stakeholders and researchers studying impacts of climate change on the tropical rainforests of Central America. The framework used here can inform the potential magnitude of the impacts of climate change on the rainforest biome. Considering the outcome of United Nations Framework Convention on Climate Change Conference of Parties (COP21) in Paris in 2015 and the premise that the emissions should be close to the RCP4.5, which already shows considerable forest devastation for Central America in our simulations, the results obtained here support policies that run closer to the 1.5 degree warming target. The major forest reduction in Central America projected in this study may require more attention and suggests that additional areas may need to be prioritized for conservation to reduce impacts on biodiversity and water provisioning. The impacts shown here have implications for conservation practices and climate change adaptation strategies that should be developed and implemented to enhance the resilience of Central American forests to climate change.
